interactions and non-demolition qubit read-out for scalable quantum computation. Recently, strong coupling of two semiconductor qubits by a microwave resonator has been convincingly demonstrated.
INTRODUCTION
Semiconductor quantum dots, which are compatible with conventional manufacturing technology, are a promising candidate for scalable quantum computing (1-3). In semiconductor systems, significant progress has been made over the past decade (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . However, as the number of qubits increases (5, 21, 22) , the coupling of arbitrary pairs of distant qubits and the characterization of coupled qubits remain outstanding challenges.
from the application of a high-impedance microwave resonator and an improvement in the qubit lifetime, strong coupling, where the coupling rate between the qubit and the photon exceeds both the qubit's decoherence rate 2 and the photons' decay rate (23, 24) , has been demonstrated via observation of vacuum Rabi mode splitting in the frequency domain for both spin and charge qubits based on semiconductor quantum dots (37) (38) (39) (40) (41) . Consequently, the milestones for nonlocal semiconductor qubit-qubit interactions in the strong coupling limit have been reached (42, 43) .
Here, we fabricate two semiconductor qubits strongly coupled with a high-impedance resonator (37, 42) and study the correlated two-qubit spectrum. In contrast with earlier explorations where probe frequency is varied relative to the qubit frequencies (37, 38, 44, 45) , here we tune the qubit operation frequencies electrically (via the gate voltages for the quantum dots) while keeping the probe frequency constant. We measure the microwave response of the two coupled qubits at the cavity resonance frequency while scanning the detuning of both qubits, producing a correlated spectrum of the two coupled qubits. We then explore the evolution of this correlated spectrum as we vary the tunnel coupling strengths for both qubits. Our systematic study reveals distinctive geometric patterns in the spectrum for each parameter regime, and we can establish a one-to-one correlation between these geometric features and the system parameters. Using the Tavis-Cummings (TC) model (44) , we simulate the correlated spectrum and find excellent agreement with our experimental results. Our results clearly demonstrate that, with our spectroscopy method, pairwise correlations between nonlocal semiconductor qubits can be characterized quickly and intuitively.
RESULTS
As shown in Fig. 1A , our device consists of two conventional gate-defined double quantum dots (DQDs) and a /4 superconducting quantum interference device (SQUID) array resonator fabricated on a GaAs/AlGaAs heterostructure. The left and right DQDs encoding the two distant qubits are defined by applying suitable gate voltages to surface metal gates, denoted as DQD 1 and DQD 2, respectively. The interdot tunnel coupling 2 1(2) can be tuned with gates 1MU (2MU) and 1MD (2MD). Gates 1BL (2BL) and 1BR (2BR) control the detuning 1(2) between the left dot and right dot of DQD 1(2), respectively. The gate voltages applied to gates 1PL and 2PR are kept constant in this experiment. The device can be simplified into a circuit diagram, as shown in Fig. 1B .
The unloaded resonator is characterized by measuring the microwave reflectance | 11 |. As illustrated in Fig. 1B , microwave with frequency /2 generated by a vector network analyzer (VNA) is applied to the SQUID array resonator through the drive line. After being reflected from the hybrid system, the signal is separated from the input by a circulator placed in front of the drive line and detected by the VNA.
For a reflecting /4 resonator, the reflectance amplitude | 11 | is minimum when the probe microwave is resonant with the resonator: = ; i.e., a dip appears in the resonator spectrum [ Fig. 1C ].
Fitting the reflectance spectrum with input-output theory, we determine the resonator's internal loss rate, external coupling rate and total loss linewidth as ( , , )/2π = (9.60, 25.46, 35.06) MHz at /2 = 6.48 GHz, which we use in the following experiments.
Theoretically, our hybrid system of two two-level atoms interacting with a cavity can be described by 
where we have set ℏ = 1. The first two terms are for a free resonator and two independent charge qubits.
The resonator frequency is /2 , And + ( ) creates (annihilates) a photon. The charge qubit transition (operation) frequencies are , = , /2 = √ 2 + (2 ) 2 , where and 2 are the detuning and tunnel coupling, respectively. The Pauli matrices , and +/−, are defined in the charge qubit eigenbasis.
The last term gives the interactions between DQD i and the resonator with coupling rate (37, 38, 45) 
(
According to input-output theory, the microwave response of the cavity is modulated by Hamiltonian (1), yielding a microwave reflection amplitude of
where = ( , − )+ is the single-electron electric susceptibility, and is the decoherence rate of qubit i (34, 46) .
We first examine the coupling between DQD 1 and the resonator. Here DQD 2 is detuned far away from the resonator frequency, so that its interaction with the resonator can be neglected. The charge stability diagram of DQD 1 is detected using the microwave cavity by fixing the probe frequency at the resonator frequency = = 6.48 GHz, so that Eq. (3) can be simplified to 11 = −1 + 1 1 + /2
. The contribution from qubit 1, 1 1 , will change the microwave response, with a particularly enhanced signal when the probe is near resonance with the qubit ( ,1 ~ = ).
Figs. 2A and 2B
show two different scenarios with 2 1 = 6.55 GHz and 2 1 = 5.90 GHz, respectively. In Fig. 2A , where 2 1 = 6.55 GHz > , the qubit transition frequency is always larger than the resonator frequency no matter what 1 is. , − is minimum at 1 = 0, thus maximizing | 11 | at 1 = 0 and resulting in a single transition line in the charge stability diagram. Hence, in Fig. 2C , there exists only one peak when we cut a line along the detuning of qubit 1 [white arrow in Fig. 2A ]. On the other hand, when 2 1 = 5.9 GHz < , 1 1 | reaches its maximum at 1 = ±√( ) 2 − (2 1 ) 2 , where , − = 0, leading to two transition lines in Fig. 2B , and Fig. 2D shows two separated peaks. Likewise, we can perform the same study of coupling between DQD 2 and the resonator, and observe similar results. Now that we have established how individual qubits couple to the resonator, we are ready to investigate nonlocal coherent coupling between the qubits mediated by the resonator. Earlier experiments have shown that coupled qubits can be resolved via enhanced Rabi splitting in the frequency domain, specifically by sweeping the probe microwave frequency (23, 42, 43) . Here we adopt a different approach: we fix the probe frequency on resonance with the resonator, = , then investigate the nonlocal coherent coupling by measuring and analyzing the correlated two-qubit spectra as a function of the detuning of each qubit.
Compared with commonly used microwave spectroscopy with probe frequency sweeps, our electrical tuning method is a more natural and convenient approach for semiconductor DQDs that are directly controlled by the gate voltages. Such sweeps of voltage detuning of the qubits allow us to explore the coupled qubits in a broad range of system parameters quickly. Furthermore, by choosing the probe frequency to be resonant with the resonator, we have removed the extraneous contribution of probe-resonator mismatch from the microwave response in Eq. (3), and singled out the qubit contributions i . Therefore, Eq. (3) can now be simplified as: 11 ( 1 , 2 ) = −1 +
This expression explicitly illustrates the modulation caused by the coupling strengths , which are in turn determined by the tunnel coupling rate 2 of DQD i.
Parametrized by the relative strength of the tunnel coupling rate of DQD i and the resonator frequency, there are nine different coupling regimes. To prevent repetition, and without loss of generality, we now focus on the behaviors and evolutions of the correlated spectra of four characteristic coupling regimes by varying the tunnel coupling (2 1 , 2 2 ) of the two qubits.
(i) For (2 1 , 2 2 ) = (6.65, 6.76) GHz > , as shown in Fig. 3A , a red crossed pattern with a deep red center intuitively shows that | 11 | increases as | i | decreases and is maximum at | 1 | = | 2 | = 0. In this regime in which both qubits are weakly coupled with the resonator, the qubits' contributions can be regarded as a shift of the resonator frequency Δ = { 1 1 + 2 χ 2 }, resulting in the change in | 11 | around | 1 | = | 2 | = 0 being almost a linear superposition of responses from individual qubits (34, 47) .
(ii) For (2 1 , 2 2 ) = (6.48, 6.76) GHz, so that 2 1 = r < 2 2 , as shown in Fig. 3B , the single peak in the central area of Fig. 3A is split into two peaks that lie symmetrically on either side of 1 = 0. In the central area where 1 1 ≫ 2 2 , the contribution of qubit 1 is much larger than that of qubit 2 and plays the leading role in the microwave response. However, qubit 2 does modify the signal, leading to the two peaks being extended out, as illustrated in the center of Fig. 3B .
(iii) For 2 1 = 2 2 = = 6.48 GHz, the qubits are operating in the strong coupling limit. From Eq.
(4), i i will dominate the microwave response when i~, especially if i i is greater than
This is the limit when the two qubits and the resonator are completely mixed, which leads to an interesting pattern in Fig. 3C . In particular, in the central area, the enhanced reflection extends outward along the diagonal lines, where the two qubits become detuned from the resonator but are still resonant with each other with ,1 = ,2 , resulting in a distinct X-like pattern in the reflection signal. The two qubits are the most strongly coupled via the resonator along the diagonals, with an effective coupling strength
Consequently, the enhanced reflection signal is detected in an X-like pattern extending along both diagonal directions.
(iv) Finally, with the DQD's tunnel coupling tuned away from 1 = 6.48 GHz to 1 = 6.42 GHz , which means that 2 1 < 2 2 = , the X-like pattern is stretched in the horizontal ( 1 ) direction in Fig. 3D .
Basically, to maintain qubit resonance with each other, larger 1 is needed because of the smaller 1 . The single enhanced peak in the central area of Fig. 3C splits into two peaks at the corresponding detuning points 1 = ±√ 2 − (2 1 ) 2 , where ,1 = in Fig. 3D . The additional two light valley spots, caused by the phase-cancellation between the two qubits (see Supplementary Materials) , appear on the sides of the X-axis around 1 = 0. Similarly, when both tunnel couplings are tuned small than , another two spots of reduced reflection will appear on the sides of the Y-axis around 2 = 0.
The top panels in Fig. 3 show that by scanning the gate voltages for the two qubits, the geometrical patterns in different coupling regimes exhibit unique features that intuitively provide information about the frequency relationships among the resonator and the two qubits. To confirm this point, we simulate these correlated spectra using averaged typical parameters of ( 1 , 2 , 1 , 2 )/2 = (86, 85, 22, 23) MHz from (37, 42) with their corresponding tunnel coupling rates. The simulated correlated spectra, shown in Fig. 3 (E to H) , qualitatively profile our intriguing experimental evolutions very well. However, the color scale of the patterns does not match our experimental results quantitatively, since the input parameters are estimated typical values instead of the real values in our hybrid system. The more interesting question is whether these parameters can change the geometrical patterns and whether we can extract our system parameters from the experimentally established correlation spectrum. To understand the dependence of the spectrum patterns on the parameters ( 1 , 2 , 1 , 2 )/2 quantitatively, we focus on the geometric features of the X-like pattern in Fig. 3C , where each qubit is at or near its maximum coupling strength i , and systematically investigate its evolution theoretically. Since both qubits are fabricated on the same wafer, confined using the same structure and operating in the same environment, we take 1 = 2 = for simplicity without loss of generality. Here, we use a few typical parameters to characterize the features of the X-like pattern. The first parameter is the ratio 1 / 2 , where 1 (2) is the full width at half maximum (FHWM) along the X(Y)-axis, as shown in Fig. 4A. Fig.   4B shows the calculated results of 2 ( 1 / 2 ) as a function of 1 /2 and 1 /2 . From the contour line in Fig. 4B , it is clearly seen that 2 ( 1 / 2 ) is almost linearly related to the ratio of 1 / 2 . Combined with our experimental data 1 / 2 = 0.99 extracted from Fig. 3C , we can estimate that 1 / 2 ≈ 1, i.e., 1 ≈ 2 = .
We then take a line cut along the off-diagonal 1 = 2 in Fig. 4A and use 12 and | 11 | to denote the FHWM and maximum value of the curve, respectively. The calculated result of the FHWM as a function of /2 and /2 shown in Fig. 4C indicates that 12 is almost completely determined by the coupling rate /2 and is insensitive to the dephasing rate /2 . Therefore, using the value 12 = 5.96 GHz extracted from the experimental data in Fig. 3C , we obtain the coupling strength /2 = 75
MHz. The relationship between | 11 | and /2 and /2 is more complex, as shown in Fig. 4D , which presents the evolution of | 11 | as a function of the coupling rate and decoherence rate .
However, combined with the estimated coupling rate /2 = 75 MHz and the experimental value | 11 | = 0.89, /2 = 50 MHz can also be determined through Fig. 4D . To further verify our analysis, we compare the experimental curve and calculation results of | 11 | for different parameters. Fig. 4E shows that if we change either or from our estimated values, the calculated curve of | 11 | will deviate from the experimental result, thus verifying the validity of our analysis and estimate.
As stated above, with the help of theoretical analysis, all the typical parameters of our hybrid system can indeed be estimated through an analysis of the correlated spectra. The estimated parameters ( 1 , 2 , 1 , 2 )/2 = (75, 75, 50, 50) MHz are consistent with those of early experiments. Using the estimated parameters, the correlated spectrum of 2 1 = 2 2 = = 6.48 GHz is well reproduced with input-output theory, as shown in Fig. 4A . The other experimental correlated spectra for different parameter regimes in Fig. 3 (A to D) have also been simulated in Fig.3 (I to L). The calculated spectra in different working regimes not only qualitatively describe our experimental intriguing evolutions very well, but also reproduced the color scale of the patterns quantitatively. This method can also be used in different coupling regimes, and the relevant conclusions are shown in the Supplementary Materials. 
CONCLUSION
In conclusion, we have investigated the correlation of two microwave-photon-coupled qubits with a new spectroscopy method. From the distinguishing patterns in the qubit detuning space, resonant coupling between either of the qubits and the resonator can be quickly identified. By analyzing the geometric features of the correlated spectra when the tunnel coupling of both qubits is equal to the resonator frequency, we can further estimate a set of parameters for the hybrid system. The observed patterns are in excellent agreement with the simulation of the TC model using the extracted parameters. The correlated spectroscopy method introduced here quickly and intuitively characterizes pairwise interactions of two distant semiconductor qubits via microwave photons and could potentially be expanded as a practical method to quickly characterize multiple cavity QED coupled qubits in other system.
MATERIALS AND METHODS
The device we studied here was fabricated on the GaAs/AlGaAs heterostructure, with the two- 
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In our sample structure, the two plunger gates 1PR and 2PL connect with each other via the SQUID array resonator. In order to determine the influence of capacitive coupling between the two qubits, we measure the crosstalk of our hybrid system. Since the plunger Gates 1PR and 2PL are floated without bias voltages, here we scan voltages on Gate 1BR (close to Gate 1PR) and Gate 2BL (close to Gate 2PL) to detect maximum crosstalk. In contrast, we scan voltages on Gate 1BL (far from Gate 1PR) and Gate 2BR (far from Gate 2PL) to detect minimum crosstalk.
As shown in Fig. S1A , microwave response is as a function of 2 and 1 , where 1 is scanned across the inter-dot transition line of Qubit 1. Two green dashed lines in Fig. S1A are the degenerate points between Qubit 1 and the resonator, since 2 1 < . The slop of the dashed lines 1 ~− 1/215 indicates the capacitive relationship of the two nonlocal qubits. In Fig. S1B , the capacitive relationship between Gates 2BR and 1BL is detected in the same way, predicting the slop of the dashed lines 2 ~ 0. In our experiments in Fig. 3 , the central regions of the correlated spectra are within the range of | | < 4 GHz, corresponding to the shift of the other qubit is | | ⋅ max (| 1 |, | 2 |) < 19 MHz. Hence, the effect of crosstalk between the two nonlocal qubits is ignored in our experiments. 
Section S2. The microwave response in different regimes
In the main text, we studied the evolutions of correlated spectra in different coupling regimes by varying the tunnel coupling (2 1 , 2 2 ) of the two qubits, and describe the behaviors qualitatively. Here we analyze the correlated spectra quantitatively by using the equation 11 ( 1 , 2 ) = −1 + 1 1 + 2 χ 2 + tot /2 . (S1) (i) For (2 1 , 2 2 ) = (6.65, 6.76) GHz > . Qubit contributions in Eq. (S1) is a small amount compared with the microwave loss /2 via the resonator in this regime. By expanding Eq.
(S1) to the first order of , we get 11 ( 1 , 2 ) ≈ −1 + 2 (1 − 1 1 + 2 2 /2 ), which predicts that the change of microwave reflectance is proportional to the sum of | 1 1 | and | 2 2 |, as shown in Fig. 3A .
(ii) For (2 1 , 2 2 ) = (6.48, 6.76) GHz. In this working regime, the contribution of Qubit 1 is much larger than that of Qubit 2 and plays the leading role for the microwave response. However, 2 2 ≈ − 2 2 /Δ 2 provides an external imaginary ( = − = − , , /2 = √ 2 + (2 ) 2 ), and the Eq. (S1) can be written as 11 ) is the factor to describe the asymmetry caused by Qubit 2. In Fig. 3B , with Qubit 2 is far detuned from Qubit 1 and the resonator, ≈ 0 and the microwave reflectance 11 = −1 + 1 1 + tot /2 maximizes at Δ 1 = 0 ( 1 = 0). As | 2 | decreases, the increased | | modifies the signal, resulting in the enhancement of the peaks' value at larger Δ 1 (|δ 1 |), i.e , the separated peaks extended out around |δ 2 | = 0.
(iii) For 2 1 = 2 2 = = 6.48 GHz. In the central area, 2 2 is on the same order of magnitude as 1 1 . When Δ 2 (| 2 |) is detuned from 0, 2 2 = 2 2 Δ 2 + 2 provides an external imaginary part which is 0 at Δ 2 (| 2 |) = 0 and increases within Δ 2 < 2 . Thus the separated peaks at the cut line along the detuning of Qubit 1 arise and extend out at the cut lines as Δ 2 (| 2 |) increases. Likewise, we observe the separated peaks at the cut lines along the detuning of Qubit 2.
(iv) For 2 1 = 6.42 GHz < = 2 2 = 6.48 GHz. If we only consider the interaction between Qubit 2 and the resonator and measure the microwave reflectance | 11 | as a function of Δ 2 ( 2 ), there will exist only one peak. The qubit part | 2 2 | = 2 2 √ 2 2 +Δ 2 2 maximizes at Δ 2 = 0 ( 2 = 0) and decrease monotonically as |Δ 2 | (| 2 |) increasing. However, differ from Fig.2A , in this working regime, Qubit 1's inter-dot tunneling rate 2 1 is close to and the coupling between Qubit 1 and the resonator provides an imaginary part which has the opposite sign compared with the imaginary part induced by Qubit 2. Thus, the set-off between two qubits is conspicuous around ( 1 , 2 ) ~ (0, 1.5) GHz in Fig.   3D .
Section S3. Geometric features of the separated peaks in Fig. 3A
For (2 1 , 2t 2 ) = (6.65, 6.76) GHz > . As we discussed in Section III, with both qubits far detuned from , qubit contributions in Eq. (S1) is a small amount compared with the resonator loss /2 via the resonator in this regime. With the interaction between resonator and qubits, the reflectance is enhanced by Δ| 11 | at 1 = 2 = 0 . Fig. S2 shows that the change of microwave reflectance Δ| 11 | as a function of 1 and 2 . And in the weak coupling regime where 1 , 2 ≪ = 50 MHz, the calculated result conform to the simplified equation 11 ), predicting that the change of microwave reflectance is proportional to the sum of | 1 1 | and | 2 2 |. In Fig. 3B of the main text, with 2 1 = = 6.48 GHz and the inter-dot tunnel coupling rate of DQD 2 tuned to 2 2 = 6.76 GHz, two separated peaks symmetrically lie on the two sides of 1 = 0. In this working regime (| 1 1 | ≫ | 2 2 |, ), the contribution of Qubit 1 plays the leading role for the microwave response. However, with the modification of external imaginary of 2 2 , the maximum value of microwave reflectance does not appear at 1 = 2 = 0, but locates at two different positions on the X-axis ( 2 = 0). Here we characterize the features of the separated peaks with 1 and | 11 | , where 1 is the distance between the two peaks along 2 = 0 and | 11 | is the value of peaks.
First, we investigate the evolutions of geometric features as a function of different ( , ) . The calculated result in Fig. S3A predicts that the distance between two peaks 1 increases as ,
increasing. Fig. S3B shows that | 11 | is enhanced with the increase of coupling rate or the decrease of decoherence rate . Then, we calculate the dependence of the geometric features by changing
( 1 , 2 ). In Fig. S3C , the distance between two peaks 1 increases as 2 increases. On the other hand, the microwave response is contributed from both qubits, the contribution of Qubit 2 is relatively weakened as 1 increases, resulting in that two separated peaks approach each other and degenerate into a single one (green areas shown in Fig. S2 (C and D) ). Fig. S3D shows that | 11 | , which is contributed by 1 1 and 2 2 , is enhanced with the increase of 1 and 2 . In Fig. 3D of the main text, with 2 2 = and the inter-dot tunnel coupling rate of DQD 1 tuned from 2 1 = 6.48 GHz to 2 1 = 6.42 GHz, the two bright spots appear on the two sides of the X-axis around 1 = 0. Within | 1 | < √ 2 − (2 1 ) 2 , the imaginary parts of 1 1 and 2 2 are different in positive and negative contributions in Eq. (3), so that the influences of the two qubits cancel out with each other, resulting in two dips of microwave reflectance. Here we characterize the features of the two bright spots with 2 and , where 2 is the distance between two dips along 1 = 0 and = | 11 ( 1 , 2 = )− 11 ( 1 = , 2 = )| | 11 ( 1 = , 2 = )| is the relative change of the microwave reflectance compared to the case 2 1 = 2 2 = at the corresponding position.
First, we investigate the evolutions of geometric features as a function of different ( , ) . The calculated results in Fig. S4A show that the position of bright spots is nearly unchanged with the coupling rate , and is detuned away from the center area as 2 increases. Fig. S4B predicts that the bright spots become more conspicuous as , decreasing. Then we calculate the dependence of the geometric features on different ( , 2 1 ), shown in Fig. S4 (C and D) . When 2 1 ~ = 6.48 GHz, 2 is almost infinity (not shown), corresponding to the situation that 1 1 provide a tiny imaginary part and 2 2 provide a negative one at a large 2 . However, ~0 present it is not visible and we pay more attention to the observable set-off phenomenon in the experiment. With 2 1 decreasing and away from the resonance frequency, C increases significantly, i.e., the two bright spots become more conspicuous. So that the contrast of the bright spots can be considered as an outstanding feature to identify whether 1 is getting close to . and decoherence rate = 1 = 2 , respectively. (C and D) 2 and C as a function of inter-dot tunnel coupling rate of DQD 1 coherence rate and 2 1 .
